Abstract We have isolated the Xenopus orthologue of the T-box gene, Tbx20, and characterized its developmental expression profile. We show that Tbx20 is one of the earliest markers of heart tissue in Xenopus, and is expressed throughout all cardiac tissue during later stages of development. In addition, we also observe expression in the cement gland, the jugular vein, the lung bud, the cloacal aperture, rhombomeres 2, 4, 6 and 8, and in a subset of motor neurons.
The T-box family of transcription factors is a large family of proteins required for both early cell fate decisions, such as those necessary for formation of the basic vertebrate body plan, as well as for differentiation and organogenesis. The role of the T-box genes in these processes is emphasized by the observation that T-box genes when mutated give dramatic phenotypes in mouse and zebrafish. Furthermore, T-box genes are implicated in a number of human congenital malformations and are amplified in a subset of cancers (reviewed in Papaioannou 2001; Smith 1999; Wilson and Conlon 2002) . The T-box family has recently been shown to comprise approximately 0.1% of genomes as diverse as Caenorhabditis elegans and human and have been identified in a wide variety of chordates from ctenophore to human, while being completely absent in genomes from other phyla (e.g. Arabidopsis thaliana). For many of these genes clear homologues exist, such as Brachyury, which displays a high degree of sequence similarity, expression pattern, and function between a variety of vertebrates including fish, frog, dog and mouse. However, other T-box genes appear to be unique to a particular species. For instance, VegT, a T-box gene thought to be required for endoderm formation in Xenopus, has no apparent homologue or orthologue in mouse or human (reviewed in Wilson and Conlon 2002) .
Two sets of clinical studies have provided direct evidence for a role for T-box genes in heart development and differentiation with Tbx1 deleted in patients with the DiGeorge syndrome (Jerome and Papaioannou 2001; Lindsey et al. 2001; Merscher et al. 2001) , and Tbx5 often mutated in patients with the congenital heart disease, Holt-Oram Syndrome (Basson et al. 1997; Li et al. 1997 ). In addition to Tbx1 and Tbx5, recent studies in human, mouse, chick and zebrafish have implicated a third member of the T-box gene family, Tbx12/20, in heart development (Ahn et al. 2000; Carson et al. 2000; Griffin et al. 2000; Iio et al. 2001; Kraus et al. 2001; Meins et al. 2000) . To further address the role of Tbx20 in early heart development, we have identified and analyzed the expression of the Tbx20 orthologue in Xenopus laevis.
To isolate X. laevis Tbx20, we designed a set of degenerate primers based on the published Drosophila H15 and C. elegans Tbx12 sequences (Agulnik et al. 1997; Brook and Cohen 1996) . These primers were used to isolate a clone from stage 36 X. laevis cDNA. Additional X. laevis sequence was obtained by a second round of amplification using primers derived from mouse, human, and zebrafish Tbx20 sequences (Ahn et al. 2000; Carson et al. 2000; Griffin et al. 2000; Meins et al. 2000) . This 928-bp clone was in turn used to screen a cDNA mixed stage (19-26) X. laevis cDNA library (generous gift of Aaron Zorn) by PCR. Partial sequencing and restriction mapping were used to construct a full-length copy of the gene by cloning overlapping fragments into pBluescript II KS (Stratagene). The clone was sequenced from both ends with a minimum of fourfold coverage and shown to contain a 1,741-bp insert with an open reading frame of 441 amino acids (GenBank accession number: AY154394; Fig. 1A ). Sequence analysis revealed the clone to have 84% identity with human Tbx20 (Meins et al. 2000) , 90% with mouse Tbx12/20 (Carson et al. 2000; Kraus et al. 2001) , and 91% with chicken Tbx20 (Fig. 1B ; Iio et al. 2001) . Based on sequence (Fig. 1) , expression analysis (Figs. 2, 3) , and current T-box nomenclature, we refer to this gene as the X. laevis orthologue of Tbx20.
We determined the onset and relative levels of Tbx20 during X. laevis development by RNase protection analysis using a probe derived from the 3'-end of Tbx20 on staged embryos from early gastrula (stage 10) to early tadpole (stage 36; Fig. 2 ). This probe does not contain sequences within the putative T-box domain and therefore is assumed to be Tbx20-specific. Ornithine decarboxylase (ODC) was used as an internal loading control and tRNA was used as a negative control. Tbx20 transcripts are first detected at low but consistent levels by early neural stage (stage 16) with expression then increasing by stage 19 and remaining relatively constant until a sharp drop off at later neurula stages (stages 23-28). However, there is a sharp increase in expression between early (stage 30) and mid-tadpole stages (stage 36; Fig. 2) . RT-PCR analysis shows no maternal expression as judged in unfertilized eggs and early gastrula embryos (stage 10; data not shown).
To determine the spatial pattern of expression we performed whole-mount in situ hybridizations on staged X. laevis from early gastrula (stage 10) to mid-tadpole (stage 40). Consistent with RNase protection and RT-PCR analysis, we first detect Tbx20 expression by in situ hybridization at late gastrula stages in the region of the most anterior developing cement gland (stage 13; Fig. 3A ) Fig. 1A , B Comparative sequence analysis of TBX20. Analysis was performed with the GeneDoc program. A Alignment of vertebrate TBX20 proteins. Fully conserved amino acids including those containing conservative substitutions are shaded in dark gray. Lighter shading represents lower conservation. The conserved T-box domain is underlined in black. B Vertebrate TBX20 amino acid conservation. The percentage of identical amino acid residues (identity) and the percentage of conservative substitutions and identical residues (similarity) are given for comparison between TBX20 proteins. TBX20 prefixes: x, Xenopus; z, zebrafish; c, chicken; m, mouse; h, human Fig. 2 Temporal expression of Xenopus laevis Tbx20 as detected by RNase protection assay. Ornithine decarboxylase (ODC) is included in the lower panel as an internal loading control and, at slightly later stages, in the heart field (stage 16; Fig. 3B ). Tbx20 is expressed in the heart field before fusion of the primordium along the ventral midline. Thus, together with Tbx5 (Horb and Thomsen 1999) and the Nkx paralogues (Newman and Krieg 1998) , Tbx20 is one of the earliest markers of X. laevis cardiac tissue. Expression of Tbx20 in the heart gradually increases during development (compare Fig. 3B with D) and by mid-tadpole stage (stage 35), expression is found throughout the cardiac region (Fig. 3E, F, I , K) including the atrial and ventricular tissue, the inflow and outflow tract, and the septum transversum (Fig. 3F) , while being completely absent from more posterior tissues such as the liver (Fig. 3C-E, I ). In addition, Tbx20 is expressed in both tissue layers of the heart, with relatively high levels in the myocardial layer and lower levels in the endocardial layer (Fig. 3K) . Therefore, Tbx20 is expressed at the same time and in many regions of the heart that also express the heart markers Tbx5 and Nkx2.5 (Horb and Thomsen 1999; Tonissen et al. 1994) .
In the cement gland, the most anterior neural ectodermal tissue, Tbx20 is gradually restricted to the ventral half of the gland by stage 27 (Fig. 3C) , and expression decreases during neurula and early tadpole stages (Fig. 3E,  I ) such that, by stage 40, Tbx20 can no longer be detected in the tissue (data not shown). In addition to the cement gland and heart, high levels of Tbx20 expression are found in the external jugular vein, the lung bud (Fig. 3F) , and the cloacal aperture (Fig. 3H) , very low levels in the retina and transient low levels in the notochord (Fig. 3E) . Similar to reports in mouse, chick, and zebrafish (Ahn et al. 2000; Carson et al. 2000; Iio et al. 2001; Kraus et al. 2001) , we also observe expression in rhombomeres 2, 4, 6, and 8 ( Fig. 3E-G, I ), and as shown by transverse and parasagittal sections through stage-35 embryos, in a subset of motor neurons emerging from these rhom- ca Cloacal aperture, cg cement gland, e endocardium, ey eye, h heart, hb hindbrain, hp heart primordium, it inflow tract, jv jugular vein, l liver, lb lung bud, m myocardium, mn motor neuron, nch notochord, ot outflow tract, st septum transversum, R2-R8 rhombomeres 2, 4, 6, and 8 bomeres (Fig. 3I, J, L) . However, in contrast to the mouse, we never detect Tbx20 expression in the liver (Fig. 3C-E,  I ; Kraus et al. 2001) . Therefore, although Tbx20 displays a very high degree of sequence conservation across species, only a subset of tissues, such as the rhombomeres, show a conservation of expression, while other sites of expression appear to be unique to X. laevis, such as the lung bud and jugular vein.
